Photoinduced phase transitions in complex correlated systems occur very rapidly and involve the interplay between various electronic and lattice degrees of freedom. For these materials to be considered for practical applications, it is important to discover how their phase transitions take place. Here we use a novel ultrafast diffraction conoscopy technique to study the evolution of vanadium dioxide (VO 2 ) from biaxial to uniaxial symmetry. A key finding in this study is an additional relaxation process through which the phase transition takes place. Our results show that the biaxial monoclinic crystal initially, within the first 100-300 fs, transforms to a transient biaxial crystal, and within the next 300-400 fs converts into a uniaxial rutile crystal. The characteristic times for these transitions depend on film morphology and are presumably altered by misfit strain. We take advantage of Landau phenomenology to describe the complex dynamics of VO 2 phase transition in the femtosecond regime.
Photoinduced phase transitions in complex correlated systems occur very rapidly and involve the interplay between various electronic and lattice degrees of freedom. For these materials to be considered for practical applications, it is important to discover how their phase transitions take place. Here we use a novel ultrafast diffraction conoscopy technique to study the evolution of vanadium dioxide (VO 2 ) from biaxial to uniaxial symmetry. A key finding in this study is an additional relaxation process through which the phase transition takes place. Our results show that the biaxial monoclinic crystal initially, within the first 100-300 fs, transforms to a transient biaxial crystal, and within the next 300-400 fs converts into a uniaxial rutile crystal. The characteristic times for these transitions depend on film morphology and are presumably altered by misfit strain. We take advantage of Landau phenomenology to describe the complex dynamics of VO 2 phase transition in the femtosecond regime. DOI: 10.1103/PhysRevB.95.235157
I. INTRODUCTION
Discovery of a phase transition near room temperature of ∼340 K, accompanied by a dramatic insulator-to-metal change in electrical properties [1] , made VO 2 one of the highly investigated strongly correlated electronic materials. The VO 2 complex phase transition involves electron-electron correlations and electron-lattice interactions [2, 3] , which makes it challenging to determine the transition processes [4] [5] [6] . Along with temperature [1] , the VO 2 phase transition can also be triggered by a number of different external excitations such as pressure [7] , strain [8] , doping [9] , or light [10] . Out of these external excitations, light with ultrashort laser pulses allows monitoring the phase-transition dynamics on an ultrafast timescale [11] . In the past decades, several enthralling results on VO 2 , obtained by using optical [11] [12] [13] [14] [15] [16] [17] , terahertz [18] [19] [20] [21] , x-ray [10, [22] [23] [24] [25] [26] [27] , and electron diffraction [28] [29] [30] , methods increased our understanding regarding its phase transition.
VO 2 is one of the intensively studied transition-metal oxides and a large number of studies have been devoted to the finding of driving mechanisms behind its phase transition. There is a long standing debate over the two mechanisms, Mott or Peierls type, believed to be responsible for the VO 2 phase transition [12, [31] [32] [33] [34] [35] . Within this long standing debate, much less attention has been paid to the structural phase transition (SPT) dynamics on a femtosecond timescale. An important study related to the VO 2 phase-transition process involves determining the stages through which a monoclinic biaxial crystal transforms to a rutile uniaxial crystal. One way to study SPT dynamics in the femtosecond regime is by tracking only the structural degrees of freedom. Conventional optical pump-probe methods provide a collective response of lattice and electron dynamics. To separate the lattice relaxation component from the pure electronic response in a transient nonlinear optical signal is a nontrivial task and new experimental approaches are required.
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In this paper, we present a method of ultrafast diffraction conoscopy (UDC) which allows us to track the transient change of lattice symmetry. By monitoring the transient polarization of scattered light along with the evolution of conoscopy patterns, the UDC reveals two different components of VO 2 lattice distortion on a subpicosecond timescale. The structural phase transition occurs from a monoclinic biaxial to rutile uniaxial crystal and follows a complex phase trajectory via a transient intermediate state with biaxial symmetry. Observed nonequilibrium structural dynamics is supported by a quantitative analysis in terms of the Ginzburg-Landau formalism.
II. EXPERIMENT

A. Sample preparation and characterization
Thin films of VO 2 with various thicknesses were grown on single-crystal (110) Al 2 O 3 (A cut) and (100) Al 2 O 3 (M cut) substrates by using a pulsed laser deposition technique. For these samples, the laser ablation process was performed by using an excimer laser (KrF, 248 nm wavelength) with 25 ns pulses. The process was carried out at 4 J/cm 2 fluence with a chamber pressure of 50 mTorr, argon and oxygen gas flows of 10 and 15 standard cubic centimeters per minute, respectively, and substrate temperatures of 550
• C. The x-ray diffraction (XRD) patterns of all VO 2 films provide evidence of the single monoclinic M 1 phase at room temperature, with good off-plane and in-plane orientation with respect to the sapphire substrates which can be described as epitaxial. Atomic force microscopy (AFM) and XRD analyses were performed to verify the quality and orientation of the films, as shown in supplementary Figs. 2 and 3, respectively [36] .
B. Ultrafast diffraction conoscopy
The experiment to study light-induced SPT dynamics of VO 2 was performed with a scatterometer setup schematically shown in Fig. 1 . A titanium sapphire laser (Ti:sapphire) provides ultrashort pulses with a central wavelength of λ = 800 nm and a repetition rate of 80 MHz. The output from the Ti:sapphire laser is sent to a regenerative amplifier (SpectraPhysics Spitfire) which is pumped by a Nd:YLF laser (Merlin) of 8 W average output and a repetition rate of 1 kHz. The regenerative optical amplifier provides 800 nm wavelength output with pulse time duration between 80 and 130 fs and 1 kHz repetition rate, which is used as a pump beam. The second-harmonic pulse, which acts as a probe, with a central wavelength of 400 nm, is obtained by using a beta barium borate (BBO) nonlinear crystal.
The phase transition was triggered by the circularly polarized pump pulse focused to a spot size of 0.6 mm. Circular polarization was used to avoid possible artifacts owing to the photoinduced anisotropy of VO 2 electronic density that is not actually related to lattice symmetry. To monitor the phase transition, the vertically polarized probe pulse was focused into a tighter spot of 70 μm diameter. Both pump and probe pulses were incident normal to the sample surface, which was mounted on a rotational holder. The time delay between pump and probe pulses was controlled by using a retroreflector in the probe arm. Scattered light from the sample was collected by an elliptical mirror which focused the light to a charge-coupled device (CCD). The pump beam was prevented from reaching the detector by using a color filter.
The scattering distribution signal was measured and mapped as a bidirectional-scatter distribution function (BSDF) versus polar angle θ and azimuthal angle ϕ. The BSDF is defined as follows [37] :
where I 0 is the intensity of incident light, and dI scatt is the intensity of light scattered into solid angle d . To record the conoscopy images an analyzer is inserted between the CCD and elliptical mirror at horizontal polarization. The transient scattering signal is maximal when the VO 2 optical axis is tilted at a specific angle with respect to the probe polarization so that there is a stronger change of elliptical polarization of scattered light during the SPT. Therefore, samples were rotated to a position of highest transient modulation of scattering signal. The measurements were performed at room temperature. The conoscopy technique is based on angle-resolved elastic light scattering and employs two crossed linear polarizers before and after the elliptical mirror (Fig. 1) . Light scattering is a process directly related to surface irregularities and optical properties and provides information about material inhomogeneities [38] [39] [40] [41] . The UDC technique is useful for statistical analysis of transient crystallographic symmetry of polydomain highly orientated films with a thickness about one order of magnitude less than the laser probe wavelength. This method is based on the fact that the crystal anisotropy produces optical birefringence and splits linearly polarized light into two mutually orthogonal components with different phase velocities. Due to cumulative phase difference of these components, the scattered light becomes elliptically polarized. The degree of elliptical polarization and the shape of conoscopy pattern were monitored by using a CCD detector equipped by a linear polarizer (analyzer).
UDC allows us to separate signals related only to the lattice symmetry transformation from other types of signals (band filling, change of optical constants during phase transition, etc.), which is an important advantage of this technique. A noticeable contribution in light depolarization arises from Rayleigh scattering which allows us to monitor birefringence of microcrystals with sizes much less than the light wavelength.
III. RESULTS
Figure 2(a) shows the bidirectional scatter distribution function (BSDF) indicatrices of hemispherical light scattering from a 40-nm-thick VO 2 film on a sapphire substrate (A cut) as a function of both polar and azimuthal angles. The distinctive conoscopy patterns at different probe delays are outlined by dashed isophotes. For these scans, the energy fluence of the pump pulses was 14 mJ/cm 2 . In the first few hundred femtoseconds, the scattering signal consists of two hyperbolas, similar to biaxial isogyres [see Fig. 3 (d) in the Supplemental Material [36] ], in opposite quadrants, which transform to a cross-like pattern, similar to uniaxial isogyres [see Fig. 3(b) in the Supplemental Material [36] ], at the end of the phase transition. Figure 2 (c) represents the cross sections of the scattering indicatrix for probe delays of 25, 330, 540, and 800 fs, along an azimuthal angle ϕ = 225
• . The most obvious nontrivial observation from these BSDF curves is that the intensity minimum shifts significantly during the SPT interval. This noticeable shift reflects the change in the conoscopy pattern as a result of lattice transformation.
To investigate the evolution of the VO 2 system through SPT, we take polar angles corresponding to BSDF minimum of scattering indicatrix curves at various probe delays and plot, as shown in Fig. 2(d) , for different pump fluences. From this BSDF minimum shift trend, two distinct processes can be resolved: (1) during the first ∼300 fs the initial monoclinic lattice of VO 2 transforms into a nonequilibrium biaxial phase which appears as an increase of the angular position of the BSDF minimum and (2) after ∼300 fs the angular position of the BSDF minimum starts to decrease, attaining a constant value within 500-700 fs. In discussing this transition, we define some characteristic times in Fig. 2(d) , where the time T1 represents zero delay, the time T2 is defined by the extreme of minimum change, and T3 is where the shift reaches a steady level. Tji is defined as the time difference between times i and j . The shift reaches a peak at T2 within 300 fs after zero delay. After a period of T21 = 300 fs, the shift starts to decrease for a period of T32 = 300-400 fs and reaches a minimum at T3. After that, the shift reaches a steady level, which corresponds to the end of the subpicosecond phase transition.
The light scattering intensity is proportional to the squared value of optical polarizability and surface roughness [37, 43] . The absolute value of the VO 2 dielectric constant and, as a consequence, its polarizability, is lower for the metallic phase [44] . As shown in Refs. [45, 46] , the surface geometry does not change during the ultrafast phase transition, and the light scattering intensity decreases due to the transient change of VO 2 optical properties. Hence, if the phase transition is a single-stage process, then the BSDF minimum should shift monotonically. However, the fact that it first increases and then decreases indicates that the initial monoclinic lattice transforms to a different biaxial crystal. Although the actual crystal symmetry of this transient phase is unknown, it is definitely a biaxial crystal, as evidenced in the indicatrix sequence in Fig. 2(a) . Furthermore, the increase of pump fluence results in a larger transient change of this angular position due to a higher level of photoinduced metastability accompanied by stronger lattice distortion.
To further investigate the rich dynamics of the VO 2 phase transition and also to support results of Fig. 2(d) , we map the UDC data as a relative change of measured signal BSDF(t)/BSDF(0), where BSDF(t) = BSDF(t) − BSDF(0) as shown in Fig. 3(a) . These data represent the evolution of polarization state of light scattering from VO 2 film. Here an emerging rectangular region with larger positive BSDF(t)/BSDF(0) values, peaks at 250-350 fs and then starts to decrease and disappears after 500-700 fs (see movie 1 in the Supplemental Material [42] ). This behavior can be ascribed to a two-stage phase transition which causes an increase followed by a decrease in differential scattering. It is noted that the time for the maximum differential scattering signal coincides with the characteristic time T2 for BSDF minimum [see Fig. 2 
To trace the change of light polarization due to lattice transformation into an intermediate transient state, we define an arbitrary parameter Wr as the width of the rectangular region at an azimuthal angle of ϕ = 225
• . The measured width (Wr) in angular units for various time delays is shown in Fig. 3(b) . Due to the low resolution near zero delay, we measured Wr starting from 100 fs. The change of the width with time delay follows the same trend as seen from the position of the BSDF minimum in Fig. 2(d) . From these results, we conclude that the observed phase transition is dominated by biaxial symmetry, which changes to uniaxial within the 500-700 fs time interval. Our results for the shift of BSDF minimum and relative change of differential scattering provide solid evidence for the existence of a two-stage phase transition in VO 2 . Next, we explore the phase-transition trend by using total integrated scattering over a hemisphere without analyzer and compare the results with those for UDC patterns. Figure 3 (c) shows the total integrated scattering signal I S /I 0 as a function of the probe delay for the first 800 fs. From this curve, we deduced the phase-transition characteristic time on the order of 400 fs.
The complex dynamics of photoinduced phase transition results in a gradual change of the VO 2 band structure on the femtosecond timescale. Ordinary pump-probe optical techniques which utilize transient transmission, reflection, or total integrated scatter show a monotonic step-like change of the optical signal as VO 2 switches to its final rutile phase. However, these techniques only partially resolve lattice relaxation dynamics, and many features remain hidden. After a rigorous analysis of experimental data, several works [16, 28, 29, 46, 47] reported the presence of at least two stages of phase transition. Here, by applying the UDC technique, the two stages of the SPT process can be clearly resolved on a femtosecond timescale, as shown in Fig. 3(d) . As expected, when VO 2 completely switches into a final rutile phase within 700 fs, the total change of the scattering signal is nearly independent of pump fluence. However, at ∼300 fs, increasing excitation level results in the significant rise of the BSDF(t)/BSDF(0) UDC signal. This behavior is associated with a higher level of photoinduced metastability, which provides stronger transient lattice distortion and, as a consequence, higher depolarization of scattered light.
To demonstrate the influence of crystal orientation on the transient UDC indicatrix, we rotated the sample by −45 To compare UDC results with ultrafast light scattering, we collected scattering data by removing the analyzer from the setup. The BSDF indicatrices, measured as a function of both θ and ϕ, with respect to probe delay, are shown in Fig. 4 (b). As expected, the scattering indicatrices show only a continuous decrease of the signal without any noticeable intermediate transition, same as seen for total integrated scattering [ Fig. 3(c) ]. An elliptical-type pattern can be observed in these indicatrices due to the multidomain epitaxial nature of the film, which means that there are strongly preferential lateral orientations of the VO 2 lattice with respect to the substrate. These results highlight the relevance of the UDC for studies of the transformation.
To explore the effects of thickness and misfit strain, we also investigated thicker VO 2 (80 nm) samples grown on A-cut (110 plane) and M-cut (100 plane) sapphire substrates. The azimuthal orientation of the samples was set to obtain maximal differential, BSDF(t)/BSDF(0), signal. Time-resolved diffraction conoscopy indicatrices from VO 2 films on A-cut and M-cut substrates are shown in Figs. 5 and 6, respectively. The scattering data for all the samples are compared with respect to their orientation along the probe direction. By comparing 40 and 80 nm VO 2 samples on A-cut substrates, the conoscopy patterns in the case of the thicker film are less sharp. However, the change from biaxial to uniaxial symmetry is still visible (Fig. 5) . Similarly, for the 80-nmthick VO 2 [36] ). Figure 7 shows the cross sections of UDC patterns along the azimuthal directions with stronger light depolarization for all the three samples. As can be clearly seen in the case of the 40-nm-thick VO 2 film on A-cut sapphire, the first stage in the transition process reaches an extreme, shown by a vertical dashed line, in about 250-300 fs, and is then followed by a second stage which decays within the next 300-400 fs. However, in the case of thicker samples on A-and M-cut sapphire substrates the first stage occurs twice as fast than for the thin sample. This implies that the intermediate biaxial state lasts longer in thinner films, which are expected to have higher strain, as compared with thicker films. 
IV. DISCUSSION
Time-resolved diffraction conoscopy allows monitoring the transformation of lattice symmetry in epitaxial or textured films with thicknesses much smaller than the wavelength of incident light. Moreover, the obtained data are statistically averaged over thousands of microcrystals within the illuminated area. Thus, the UDC technique can provide information about structural relaxation for thin polydomain films, as long as transient light depolarization or a transient conoscopy patterns can be detected. The presence of VO 2 domains with different orientations results in a smearing of the conoscopy patterns; however, this does not affect the pathway of structural transformation. We note that, for all the studied films, we observed very similar transient behavior and a pronounced change of scattering signal and conoscopy patterns.
The biaxial-to-uniaxial ultrafast phase transition in VO 2 takes place in two stages and can be considered as related to two different lattice distortions similar to those discussed by Goodenough [2] . It should be noted here that we have observed two components of the SPT for three VO 2 films with substantially different morphology, and these two components are associated with two different characteristic lattice distortions with different relaxation times. Moreover, for the thinner film, which is expected to have a higher misfit strain, the characteristic relaxation time of the first transition stage is 250-300 fs [Figs. 2, 3 , and 7(a)] which is twice as slow as for the thicker films [ Figs. 7(b) and 7(c) ]. This fact suggests that strain is one of the key parameters controlling ultrafast lattice relaxation dynamics.
While two distinct lattice relaxation processes are observed, the starting point of the second process is difficult to resolve with high accuracy. It is very likely that the light pulse triggers two lattice relaxation processes simultaneously, but the internal strain in the film alters the relaxation time of each characteristic lattice distortion and affects the total pathway of the SPT which appears as a two-stage process. The first stage of SPT is related to the initial transition to a transient state with biaxial symmetry. This process is mainly associated with the antiferroelectric lattice distortion. The second stage of SPT is related to the lattice transformation into the rutile phase, with uniaxial symmetry, and can be assigned to V-V bonding.
Here we note that the total light-induced SPT in a thin VO 2 film occurs simultaneously in all grains of the film within several hundred femtoseconds. Several studies of transient surface statistics [45, 46] have shown the absence of coexistence of different VO 2 phases during the ultrafast phase transition. While slight variation of characteristic transition time was observed versus grain size, the pathway of SPT was identified as a coherent process across all spatial frequencies of the surface. Moreover, on femto-and picosecond timescales only short-range phonon interactions take place [45, 46] . As a result, the ultrafast phase transition does not noticeably contribute to formation of new domains within several picoseconds.
The ultrafast first-order phase transition can be analyzed in terms of Ginzburg-Landau theory [48] [49] [50] . The experimentally observed SPT dynamics can be supported by modeling of thermodynamic potential for photoexcited VO 2 , as shown in Fig. 8 . To estimate the profile of thermodynamic potential, we performed calculations of molecular dynamics and measured transient reflection and transmission of VO 2 films (see Supplemental Material [36] ). Measurements of relaxation rates on the picosecond timescale allowed us to estimate the profile of . Two different components of VO 2 lattice distortion revealed by UDC can be associated with two effective ion displacements x 1 and x 2 , which correspond to antiferroelectric distortion and V-V bonding, respectively. Taking into account only the insulating M 1 and metallic R phase of VO 2 , the thermodynamic potential consists of two potential wells separated by a barrier G. The two-well potential model does not explicitly imply the presence of an intermediate state of VO 2 , but it can be used for analyses of two different lattice distortions.
The two-well lattice thermodynamic potential can be described by employing the following ansatz [50] :
where F is laser fluence and α(F ), β 1 , β 1 , and γ are experimentally derived constants. These constants were estimated from additional measurements of the slower (picosecond) component of VO 2 relaxation dynamics which was detected after the ultrafast subpicosecond transition at excitation fluence below 30 mJ/cm 2 . We assume that the concentration of photoexcited free carriers is the main factor that alters , and x 1 and x 2 correspond to the whole displacement of VO 2 sublattices during antiferroelectric distortion and V-V bonding, correspondingly. The VO 2 lattice motion is oscillatory in nature, and it has been shown by many groups that it oscillates with a frequency of 6 THz [3,16-18,51,52]. Taking into account the relax- ation nature of these oscillations, we obtain the equation of motion [53] :ẍ
where m is the effective mass and g i is the damping coefficient, related to the experimentally measured transition rate for each distortion i of the phase transition. For two observed distortions, damping coefficients g 1 = 6.7 × 10 12 s −1 and g 2 = 2.1 × 10 12 s −1 were calculated by using the experimental data of Figs. 2 and 3 . By using the thermodynamic potential and frequency 6 THz of the optical phonon mode, the effective mass m was estimated to be 1.7 × 10 −25 kg. Figure 8(a) shows the pathway of the energy relaxation obtained by numerical integration of Eq. (3) for the ultrafast first-order phase transition. Here, the photoexcitation of the free carriers instantaneously modifies the thermodynamic potential by screening the Coulomb repulsion and switching the VO 2 lattice into a nonequilibrium excited state [54, 55] . In case of absence of internal strain, our model assumes that the relaxation rates for two distortions x 1 and x 2 are equal. As a result, the phase trajectory of the phase transition is just a simple transition from monoclinic phase to rutile phase denoted by a straight dashed line "M 1 -R" on the potential landscape in Fig. 8(a) . This transition would result in a monotonic decrease of light depolarization during the transition. However, experimental observations of lattice dynamics by UDC shows significant transient depolarization of light scattering for all samples due to deviation of the actual phase trajectory from the M 1 -R straight line. Since the lifetime of the transient biaxial phase depends on the type and thickness of the epitaxial film (Fig. 7) , it is believed that the internal misfit strain increases this deviation via the difference in the relaxation rate for antiferroelectric distortion and V-V bonding.
The UDC data for 40 nm VO 2 /Al 2 O 3 (A cut) shows a significant rise of the transient depolarization within 300 fs [ Figs. 2 and 7(a) ], a timescale which is nearly twice as long as the oscillation period of VO 2 optical phonons (see Sec. V in the Supplemental Material [36] ). This relatively long time can correspond not only to different relaxation rates for distortions x 1 and x 2 , but also to the presence of an intermediate biaxial phase and additional third potential well on the landscape denoted by B x , as shown in Fig. 8(b) . Upon light-induced phase transition, the lattice symmetry changes from monoclinic to rutile via B x , moving along some complex phase trajectory.
Recently, several studies using temperature [17, [56] [57] [58] [59] , pressure [60] [61] [62] [63] , light [29, 35, 47, 55] , and voltage [27] have demonstrated that the VO 2 phase transition takes place through an intermediate phase with monoclinic symmetry. Bai et al. suggest the presence of several new phases (e.g., distorted M 1 , orthorhombic, X phase) under high pressure [61] . In the case of photoinduced SPT, the initial excited state corresponds to the M 1 phase, while the transient biaxial phase B x can be the M 2 or orthorhombic phase. However, the exact symmetry of the B x phase cannot be determined by the optical UDC technique. Nevertheless, the transient B x phase is definitely a biaxial phase which is different from initial M 1 and final rutile phase.
The presence of two different lattice distortions in ultrafast phase transition reveals a resemblance between light-induced and thermally induced crystallographic transitions in terms of Goodenough's model, proposed in his seminal work [2] . According to Goodenough, two distinguishable components of lattice distortion are present: antiferroelectric distortion into an orthorhombic structure and homopolar V-V bonding along the a m axis. For pure and unstrained VO 2 these distortions occur at the same temperature. However, doping or mechanical strain both separate the temperatures at which they occur. In our case, it is very likely that the strain affects the SPT in a similar way, resulting in a structural transition from monoclinic to an intermediate phase before transforming to a rutile symmetry. This concept agrees with Goodenough's prediction about an orthorhombic intermediate phase which is also biaxial in nature. There have been numerous studies demonstrating that strain is one of the key parameters which alters the phasetransition pathway [23, 58, [58] .
For a triple-well thermodynamic potential the quantitative theoretical analysis of the SPT dynamics becomes rather difficult. However, qualitative estimation shows that the additional potential well can noticeably increase the transient time of the nonequilibrium biaxial state. The presence of an additional potential well in can significantly increase the difference in the relaxation rate for antiferroelectric distortion and V-V bonding and, as a result, increase the depolarization time of scattered light observed by UDC. During this SPT, the relaxation rate can be a function of time (i.e., damping of vibrational modes can change during SPT). Taking into account the significant differences in relaxation dynamics of epitaxial VO 2 films on different substrates (Fig. 7) , it is very likely that the depth of the potential well B x for transient intermediate phase depends on film morphology and internal strain.
V. CONCLUSION
In conclusion, we have shown that femtosecond pumpprobe diffraction conoscopy is a powerful technique to track the structural phase-transition dynamics in complex correlated materials. A pronounced two-stage process in the phase transition of VO 2 was observed with two distinct characteristic times. After the phase transition is triggered by a light pulse, the monoclinic biaxial crystal transforms to a transient biaxial crystal which is the first stage of the phase transition lasting for 100-300 fs. The second stage lasts for the next 300-400 fs and is related to the lattice transformation from transient biaxial phase into the rutile uniaxial phase. It is most likely that the internal misfit strain in epitaxial film alters the observed characteristic relaxation times. By applying Ginzburg-Landau formalism it is shown that the observed two-stage UDC dynamics originates from two lattice distortions with different relaxation times. According to Goodenough's model of VO 2 lattice instability, these distortions can be associated with antiferroelectric lattice distortion and homopolar V-V bonding.
Structural features of VO 2 thin film samples
X-ray diffraction scans of the samples were obtained with a Bruker D8 Discover diffractometer equipped with a copper target X-ray tube and a Göbel mirror. Supplementary  Figure 2(a) shows the XRD patterns (θ-2θ scans) for the 40 nm (black curve) and 80 nm (blue curve) VO 2 films deposited on A-cut Al 2 O 3 , using a logarithmic scale for the number of counts. The substrate causes the very strong peak at 37.70°, which corresponds to the (110) Al2O3 reflection, as well as ghost peaks due to Cu K β radiation left over by the Göbel mirror and a small contribution from tungsten L α radiation caused by this element being deposited from the filament onto the copper target of the X-ray tube as it ages. These extra peaks are indicated in the Supplementary Figure 2(a) and can be disregarded. For the thicker (80 nm) film [lower curve in Supplementary Figure 2(a) ] the only peak not due to the sapphire substrate is located near 39.72° and can be directly assigned to the M 1 (monoclinic) VO 2 phase (020) reflection, although the (002) reflection is very close for strainfree crystals or powders, according to Powder Diffraction File JCPDS #82-0661, and strain in the films could easily cause a shift equal or even larger than the difference (~0.07°) for unstrained positions. It is also possible that both reflections are present, but the respective peaks were not resolved in our scans. The second order reflection, attributable as (040), was also clearly observed by 2θ = 85.73° [not shown in Supplementary Figure 2(a) ], although again it is possible that the (004) reflection is present but unresolved. None of the other possible reflections from VO 2 (M 1 ), some of which are much stronger lines, were observed. Hence the 80 nm film shows excellent out-of-plane orientation over the sapphire substrate, likely with (010) m planes parallel to its surface (and therefore the b m axis normal to the surface), and possibly with a fraction of crystallites oriented with their (001) m planes parallel to the substrate surface.
To study in-plane orientation of the film crystallites, several azimuthal scans (φ-scans) on the sample were performed. Each of these scans is performed at a fixed inclination angle χ (polar angle in a pole representation) between the sample surface plane and a different selected crystal plane with strong reflections. The inclination angle is calculated and set in each case from the known crystal structure of the material. The detector is fixed at the 2θ angle for the expected reflection. For the thicker (80 nm) film on A-cut sapphire, the results evidenced very sharp inplane orientation, but it appears that both possibilities for the out-of-plane orientations mentioned above coexist. In the first case (i. e. (010) m planes parallel to the substrate surface), which is likely dominant, the film a m axis is along the substrate surface and perpendicular to its c axis. In the second case (i. e. (001) m planes parallel to the substrate surface) the film b m axis is along the substrate surface and parallel to its c axis. Thus, the film appears to consist of two distinct groups of crystallites, each of them highly textured with respect to the substrate structure.
The upper curve in Supplementary Figure 2(a) is the θ-2θ scan obtained for the thinner (40 nm) film deposited on A-cut sapphire. The major difference in this XRD pattern, when compared with the one for the 80 nm film, is the appearance of (100) m , (200) m , and (300) m diffraction peaks for monoclinic VO 2 . Moreover, the relative intensities for this film of the (020) m peak (shown in the figure) and (040) m peak (not shown in the figure) are much weaker. Hence, it seems that for the early stages of growth, at least for the conditions employed in the present case, the (100) m orientation (or rather the equivalent surface for the tetragonal VO 2 phase, since that is the stable structure at the deposition temperature) competes with the other orientations observed, particularly (010) m , but is disfavoured once the film is thicker. This fact suggests that there is strong misfit strain in the thinner film, which is related to the formation of substantially different, energetically favourable domain patterns. Thus, in addition to crystal domains as described for the thicker sample, the 40 nm sample includes domains (100) m ||(110) Al2O3 , so that b m and c m axes are parallel to the substrate surface. From the relative intensities of the reflections observed, it appears that this latter case may be favoured during initial stages of growth.
Supplementary Figure 2(b) shows azimuthal φ-scans for the sample with the 40 nm film. The scan for the substrate (black dot curve) was performed by setting χ = 30°, which is the angle between the sapphire (110) Al2O3 and (100) Al2O3 planes (the latter would correspond to an M-cut). As expected from the symmetry, two peaks separated by 180° are observed. Thus, the sapphire c direction corresponds to angles exactly in-between these peaks. The inclination angle was then changed to observe the strongest monoclinic VO 2 reflection at χ = 67.6°, which is (011) m , assuming that the film (100) m planes are parallel to the sample surface. The result is the red curve in Supplementary Figure 2(b) . In this case, four diffraction peaks are obtained, separated by 80.5° and 99.5° as expected for the VO 2 crystal. This information allows us to define the actual orientation of c m and b m crystallographic directions on the sample surface for the (100) m ||(110) Al2O3 crystallites. In this case, the film c m axis is parallel to the sapphire c axis. From symmetry, there are two orientations (turned 180° around the surface normal) of the VO 2 crystal which satisfy these conditions, and the fact that the φ-scan peaks obtained have equal intensities show that the two occurrences, as could be expected, are equally distributed.
Similarly, results of the θ-2θ scan for the ~80 nm thick sample grown on m-plane sapphire are shown in Supplementary Figure 2(c) . Film peaks are attributed to M 1 -phase VO 2 reflections (1 02), at 33.39°, and (202)/(2 31), both at 70.43°. The values for the 2θ angles obtained agree very well with those given in JCPDS file # 82-0661 and are nearly the same as for similar (but thicker) samples grown under nominally the same conditions. Since these are relatively weak reflections for M 1 -phase VO 2 and none of the much stronger reflections was observed, the results demonstrate preferential growth orientations corresponding to the planes indicated. The strong in-plane orientation of the film was also observed, through φ-scans. In Supplementary Figure 2(d) , for example, the φ scan for the substrate is obtained by using the sapphire [100] direction as pole and seeking the equivalent (012) and (11 2) reflections (inclination at χ = 65.03°). These are found with an azimuthal separation Δφ = 107.25°, which is almost exactly the value which can be calculated from the sapphire structure. Then the normal to the film (101) plane was used as a pole, and the (100) reflection (inclination at χ = 29.74°) was sought. As seen from the figure, two reflections were found, with equal intensities, separated by Δφ = 180°, and with azimuthal separation of +36° and -36° from each of the substrate peaks. This result indicates that the crystallites with (101) planes parallel to the substrate surface are formed by twins flipped by 180° around the surface normal. It is expected that misfit between VO 2 and the sapphire m-plane can produce strong strain, particularly for very thin films. In fact, it has been stated before that VO 2 films grown by PLD on m-plane sapphire can exhibit the M 2 phase or M 1 phase, or both, depending on growth conditions, and that lower misfit strain can favor M 2 formation at the early stages of growth 1 . While we did not observe in our samples any reflections attributable to the M 2 phase, it can be expected that crystallites are strongly strained.
Uniaxial and biaxial indicatrix and conoscopy patterns
Uniaxial crystal is defined by a single optical axis and two refractive indices n o and n e . Optical indicatrix of uniaxial crystal is a spheroid with two equal semi-axes n o Supplementary  Figure 3(a) ]. On the other hand, a biaxial crystal is defined by two optical axes and three different refractive indices n 1 , n 2 and n 3 . Its optical indicatrix is an ellipsoid as shown in Supplementary Figure 3(c) . In regular conoscopy, the conoscopy image is a combination of different patterns such as isochromes, isogyres and melatopes 2 . There is a very distinct difference between conoscopy patterns for uniaxial and biaxial crystals when viewed in cross-polarized light. In the case of uniaxial crystals, a distinct conoscopy image contains a dark cross of extinction called isogyre [ Supplementary Figure 3(b) ]. A point at the centre of the isogyres, which defines the projection of the optic axis, is called a melatope. The major pattern in the case of biaxial crystals is made up of two melatopes [ Supplementary Figure 3(d) ] due to the presence of two optic axes. The angle between the two optic axes is called angle 2V. This angle is proportional to the separation between the melatopes. Usually, the biaxial crystal has two wellseparated melatopes, while for uniaxial crystal the separation between the melatopes is zero. Such distinctive patterns highly depend on crystal symmetry and, hence, are useful to distinguish between different types of crystals.
Ultrafast conoscopy of VO 2 on glass substrate
To compare the ultrafast diffraction conoscopy (UDC) dynamics for epitaxial and nonepitaxial films, additionally, we recorded UDC indicatrices for the 100-nm-thick VO 2 film deposited on glass substrate. This film is non-epitaxial with randomly oriented microcrystallites. As a result, the optical properties of this film are highly isotropic. The transient change ∆BSDF(t)/BSDF(0) of UDC patterns is shown in Supplementary Figure 4 : the evolution of hemispherical differential indicatrix [ Supplementary Fig. 4(a) ] and the time-dependent crosssections of indicatrices at φ=225° [ Supplementary Fig. 4(b, c) ]. As compared to epitaxial VO 2 films on Al 2 O 3 substrate (Figs. 2, 3 , and 7 of the main text), the differential UDC signal from VO 2 /SiO 2 sample shows only a continuous decrease without any signature of the intermediate transient state. The optical response related solely to the structural dynamics of VO 2 cannot be detected in UDC experiments for optically isotropic samples. However, for highly-oriented epitaxial films, the UDC method provides a reliable monitoring of structural relaxation. 
Coherent phonon dynamics in VO 2
Photoexcitation of VO 2 with energy near the VO 2 PT threshold (2-6 mJ/cm 2 ) activates coherent phonon mode near 6 THz frequency [3] [4] [5] [6] [7] . These oscillations were observed in our experiment when the system is switching into the intermediate transient state These coherent oscillations are observed during the entire relaxation process and are not related to the specific intermediate state. In our conoscopy results at a fluence of 14 mJ/cm 2 , the near 6 THz coherent phonons are dominated by the intermediate phase and difficult to resolve. To better resolve these oscillations, the pump fluence was set near the PT threshold, at F=6.8 mJ/cm 2 without using an analyzer.
Supplementary Figure 5(a) shows the BSDF indicatrix of hemispherical light scattering from the 40-nm-thick VO 2 film on A-cut Al 2 O 3 substrate. As expected, the scattering indicatrices show only a continuous decrease of the signal without any noticeable change of the pattern. Supplementary Figure 5(b) , lower panel, shows time-dependent cross-sections of the scattering data mapped at azimuthal direction φ =45° versus spatial frequency. The transient response of the scattering signal with a time delay at different spatial frequencies shows a strong oscillatory behavior with a period of ~150 fs. To deduce the frequency of these oscillations we plot, in the upper panel, the cross-section of the data mapped in lower panel for the spatial frequency of f=2.25μm -1 . The transient scattering data was fitted using the following function:
where A 0 , A 1 and A 2 are fitting amplitude constants, ν is the vibrational frequency, t c is the phase shift constant and t 1 is the exponential time constant. Fitting of ∆BSDF(t)/BSDF(0) signal curve gives a period of 152 fs (ν=6.58 THz). This frequency matches well to the frequency of VO 2 modes studied previously [3] [4] [5] [6] [7] . The scattering map also shows a dependence of coherent lattice oscillations versus spatial frequency of the surface.
Displacement of VO 2 atoms on subpicosecond time scale: a computational study
The progress in the experimental and theoretical study of the PT in VO 2 evidence that the structural lattice transformation of VO 2 starts as a result of screening of electron correlations [8] [9] [10] [11] . Moreover, it is likely that the photoinduced IMPT can be a Mott-type transition which occurs on the time scale of laser pulse interaction with the sample within several femtoseconds 8 . However, posterior structural transformation of VO 2 lattice from monoclinic to tetragonal (rutile) phase takes from ~80 fs to several hundred femtoseconds, depending on laser fluence, pulse duration and morphology of the sample. In this context, the molecular dynamics (MD) of VO 2 can be modelled by using computational methods which do not consider electron-electron correlations.
In order to perform semi-classical calculations of MD, we assumed that the role of ultrafast photoexcitation is only screening of electron-electron correlations, while all other physical characteristics of VO 2 lattice remain unchanged. This approximation is useful for quantitative estimation of atomic motion by modelling of VO 2 molecular dynamics within short timescale up to ~1 ps, when the process of energy transfer from electron to phonon subsystem can be neglected. In order to estimate a root-mean-square (rms) displacement of VO 2 atoms, we applied the ReaxFF reactive force field simulation of molecular dynamics 12 , which is a part of the QuantumWise software package 13 . This semi-classical computation method does not consider electron-electron correlations but retains nearly the accuracy of quantum mechanical calculations. Also, it requires moderate computational resources and allows analysing large clusters.
Since electron correlations are not included into the ReaxFF method, it is suitable to model the situation of photoinduced screening of correlation effects in VO 2 . In this case, the initial parameters of the VO 2 unit cell have to be chosen equal to experimentally measured ones, and MD is considered as an adiabatic process within the subpicosecond time scale, where the electron-phonon relaxation and energy exchange with a thermostat are neglected. The parameters of VO 2 unit cell were taken from experimentally obtained data in Ref. 14. The computation of VO 2 molecular dynamics was performed for a VO 2 (M 1 ) cluster of 20217 atoms. In order to reduce the random component of atomic motion, the VO 2 temperature was set relatively low, as T=15 K.
Computational analysis of the VO 2 lattice within a broad range of temperatures from 1 K up to 315 K showed that the VO 2 unit cell is essentially unstable. Photoinduced screening of the electron correlations results in rearrangement of VO 2 atoms accompanied by kinetic energy release, similar to the exothermal chemical reaction. Since the ReaxFF method is semi-classical, it does not provide the exact trajectory of the VO 2 phase transition. Nevertheless, this method calculates rms displacement of VO 2 atoms which can be a very useful parameter for further analysis of VO 2 lattice transformation. Supplementary Figure 6 shows cumulative rms displacement of all VO 2 atoms versus time. Within 500 fs, the rms displacement is x rms = 0.32 Å. We note, that this value is close to the effective displacement of VO 2 atoms of 0.26 Å, used by M. van Veenendaal in his theoretical work 15 .
Supplementary Figure 6 : Cumulative root-mean-square (rms) displacement of all VO 2 atoms. rms displacement of VO 2 atoms was estimated by applying ReaxFF reactive force field simulation of molecular dynamics from the QuantumWise software package.
Reconstruction of thermodynamic potential
In order to reconstruct the thermodynamic potential Φ of photoexcited VO 2 , additional measurements of transient reflection and transmission were performed at different excitation levels. These measurements reveal two distinctive components of VO 2 relaxation dynamics. There is an instantaneous change of reflection coefficient within ~500 fs followed by posterior relaxation on a picosecond time scale (Supplementary Figure 7) . This type of relaxation was observed previously by different authors, but while special attention was given in several works to this dynamic, it still needs rigorous study 5, [16] [17] [18] . The observed relaxation dynamics within 20 ps indicates that a certain group of VO 2 domains undergoes sub-picosecond PT, while the rest of the domains switch into metallic phase within several picoseconds. The slower relaxation of VO 2 lattice within picosecond time scale evidences the presence of a potential barrier ΔG between insulating and metallic phases, which alters the relaxation rate as 19 .
here τ 0 is the minimal characteristic relaxation time and k is Boltzmann's constant. Above fluence, F 0 = 30 mJ/cm 2 the picosecond component of the PT was not detected. The time τ 0 was estimated, at F 0, to be 370 fs. Measurements of relaxation dynamics at different excitation levels allowed to derive ΔG ≈ 0.05 eV at laser pump fluence F = 10 mJ/cm 2 , and to reconstruct the profile of one-dimensional Landau thermodynamic potential Φ as shown in Supplementary  Figure 8(a) . In order to model the observed two components of ultrafast IMPT, we present the obtained one-dimensional thermodynamic potential Φ for total lattice distortion (x) as an equivalent thermodynamic potential for two lattice distortions (x 1 and x 2 ) as shown in Supplementary Figure 8(b) . In the model, for the sake of simplicity, we assume that the maximal ion displacement for each distortion is equal, where the sum of x 1 and x 2 distortions equals x rms = 0.32 Å. 
